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LIST OF SYMBOLS

Bottom bed deposition probability.

Concentration of suspended sediment particle or of
dissolved chemical constituent.

Eddy mass diffusivity in horizontal direction.
Eddy mass diffusivity in vertical direction.
Coriolis parameter.

Acceleration due to gravity.

Depth relative to the mean water level.

Depth contour relative to the free-surface, h+ n.
Grid index in x-direction, or «-direction.
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Horizontal kinematic eddy viscosity.

Vertical kinematic eddy viscosity.
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Surface pressure.

Time

Velocity component in x-direction.

Velocity component in y-direction.

Velocity component in z-direction.

Suspended particle settling velocity.

Horizontal coordinate.

Horizontal coordinate.

Vertical position relative to the mean water level.

Vertical position relative to the free-surface, z + n.
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TZX

TZY

n+l

n-1

GREEK SYMBOLS

Horizontal coordinate in stretched system, X.

Horizontal coordinate in stretched system, y.

Vertical coordinate in stretched system, Z/H.

Transformed (or equivalent) vertical velocity.

Density.

Free-surface elevation above mean water level.

Surface shear stress in x-direction.

Surface shear stress in y-direction.

SUBSCRIPTS AND SUPERSCRIPTS

Horizontal quantity.

Initial quantity.

One time

level back.

Current time level.

Two time
Quantity
Quantity
Vertical
Quantity

Quantity

boundary.

levels back.

at inlet (ocean-exchange area).
at free-surface,.

quantity.

at lateral boundary.

at interior point one grid step from lateral
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1. Introducticn

Biscayne Bay in Scuth Florida is a shallow estuary
bordering the city of Miami, It 1s open through a shoal
area and some creeks to the Atlantic Ocean. It has a num-
ber of basins connected by shallow constricted openings and
causeways. South Biscayne Bay 1is of interest for this
study. It extends from Rickenbacker Causeway in the north
to Card Sound in the southern end. The tide and wind driven
circulation in this domaln is of interest to environmental-~
ists for assesing the impact of anthropogenlc disturbances.

Systematlc observational studies on estuaries began
with Stommel and Farmer (1952) who complled data on 20 es-
tuaries of great diversity, Some studies were conducted
by Ketchum (1955). Numerical Investigations have been con-
ducted by Reld et al (1958}, Leendertse (1973) and Blumberg
(1977, a,b). A review of mixing and dispersion processes
in estuaries is provided by Fischer (1976).

The objective of the present study is to calibrate two
three-dimensional numerical free surface medels such thaﬁ
they can be used in the predictlive mode for transport analy-
sis. While simplified two-dimensional studies were made by
Verma et al (1969) and Lee and Rooth (1972) three-dimensional
models which provide considerably greater details are imper-
ative for specific engineering decisions.

Sengupta et al (1976) and Lee and Sengupta (1977, have

presented initial investigations 1in Biscayne Bay using



rigid-1id and free-surface three dimensional models.
Sengupta et al (1977) have presented a calibration effort
for a three-dimensional free-surface model using infra-red
data for surface temperatures. Carter (1277) developed &
free surface model for Lake QOkeechobee. This model differs
from Sengupta et al (1977) in using a Riechardson Lattice
and ignoring horizontal diffusion term. All these modeis
use finite differce techniques wilth forward time central
space schemes., DulFort Frankel schemes on diffusion terms
are used.

The present study uses the free-surface meodel of
Sengupta (1977) et al to develop velocity fields which are
wed for simplified simulation of sediment transport near
the intracoastal water way. The second phase of the study
uses Carter's (1977) model to simulate veloeity fields for
dye diffusion and flushing studies for the bay. Verifica-
tion usling dye releagse é€xperiments and veloclity measurements
have been attempted.

The models have performed well in prediecting velocity,
temperature and surface heights. Qualifative agreement with
dye release experiments have been obftained. The models should

be further verified includlng salinity effects.



2. Physical Model

2.1. Sediment Transport

Gemmel (1971), Allen (1970) and Camp (1946)
summarize the various physical processes governing sediment
transport in the fluid, and the modes of sedimentation
deposit on the bed of a water basin. Sheng (1975) bhas
investigated contaminant dispersion in the near-shore of
large lakes using a three-dimensional, time-dependent
numerical model. FEis approach is that of applying 2
predictive dispersion model which is solved by the method
of finite differences. Sheng's governing equations and
attendant method of solution has been quite useful for our
formulation, however, Sheng doesn't take account of free
surface variations in space and time. Instead, he invokes
a "rigid-1lid" approximation.

The effects of ideal particle settling, hindered
particle settling, flocculation, and bed scour, or viscous
turbulent entrainment of sediment particles 1is discussed
in detail by Raudkivi (1975), Allen (1970) and Camp (1946) .
Empirical relationships have been obtained for hindered
particle settling, flocculation and entrainment. However,
current research investigations by Sheng (1975), Apman and
Rumer (1970), Hjelmfelt and Lenau (1970), Jobson (1970),
Jobson and Sayre (1970), and Meil (1969) have not accounted
for entrainment {or bed scour in their dispersion models,
and have only included particle settling effects in terms

of "ideal" gravitational settling, thus ignoring hindered
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settling and flocculation.

Appendix A presents in detail the method of
calculation of settling velocity, Ws, in a turbulent flow
field and Appendix B presents and discusses the eddy trans-
port coefficients for the fluid and for the suspended sedi-
ment particles.

The momentum transfer, in our investigation, is
related to the particulate mass transfer through the dimen-
sionless turbulent Schmidt number=Kv/Dv=1. Jobson's (1970)
experimental investigation indicated an average turbuleni
Schmidt number of 1.03. Note that the momentum equation
affects the concentration equation, but not vice versa, since
the effect of suspended particles on the dynamics of the flow
can be neglected for sufficiently small Richardson number.
Barenblatt (1953, 18553).

2.2 Conservative Dissolved Chemical Transport

As in the first case of sadiment transport, we
set the turbulent Schmidt number=Kv/Dv=1l for coupling the
hydrodynamic model equations to the concentration equations.
For conservative dissolved chemical transport, we ignore
any possible chemical reactions taking place, and we set
the particle settling, velocity, Ws, to zero. Again we
use the eddy transport concept as will be presented in

detail in Appendix B.



3. Mathematical Model

This section will present the details of the for-
mulation of the mathematical model, in both the Cartesian
coordinate system (x,y,z), and in the vertically stretched
coordinate system (a,R,c). Inclusion of the free surface
and actual bottom topography will be discussed, and the
full set of initial and boundary conditions, to complete
the formulation of the mathematical model, will be presented
for both cases of sediment transport and conservative, dis-
solved chemical transport. The assumption and simplifying
approximations invoked in our investigation will be given
in the next subsection, 3.1, and mention will be made of
the approximations used by other researchers in numerical
studies in sediment and chemical transport. Lastly in this
section, we will summarize the initial and boundary condi-
tions used by other researchers, and give the complete set
used in our model studies. First, however, we will discribe
the hydrodynamic models used which are coupled (through con-
vection) to the concentration equation for both cases of
sediment transport and dissolved chemical transport.

3.1 Simplifying Assumptions and Approximationsg

The following simplifying assumptions and approxi-
mations have been invoked in the mathematical model presen-
ted herein, this was done in the interest of saving compu-
tational time without losing significant accuracy.

3.1.1 The Boussinesq Approximation

This approximation was used for the first case
of sediment transport, for the second case of dissolved

chemical transport the hydrodynamic model used is for

10



constant density. That is, as already noted in the Intro-
duction, Section 1, two different hydrodynamical models were
used separately to obtain results for sediment transport and
chemical transport. Thus, for the first case of variable
density, the effect of density variations on the inertial
and diffusion terms in the governing momentum conservation
equations is neglected. Density variation is retained only
in the buoyancy term.

3.1.2. The Evdrostatic Approximation

The hydrostatic approximation involves neglecting
the vertical convection and diffusion terms in the vertical
momentum equation. This approximation implies that the

Dw

vertical fluid acceleration,ﬁE is negligible.

3.1.3. Constant Eddy Transport Coefficients

Turbulence modeling is very complex and has an
extensive body of literature of its own. Turbulent closure
has been obtained in this model by using constant eddy
transport coefficients, although the horizontal eddy
transport coefficient is orders of magnitude larger than
the vertical eddy transport coefficient, being due to the
much larger horizontal scale length, L, in comparison with
the vertical scale length H. Note, however, that the hydro-
dynamic model used for the first case of sediment transport
used a depth dependent vertical eddy transport coefficient,
as follows:

Kv=0.0018 (DEPTH)*/3 ... ....... (3-1)

This was done to increase the numerical time step At, Aas

11



will be discussed in Section 4. However, the hydrodynamic
modél used for the second case of dissplved chemical trans-
port used a constant value for Kv, since it was learned that
introducing a depth-dependent value for Kv in this second
model produced time steps inordinately small during low
water in the South Biscayne Bay.

3.1.4. Variation of Surface Wind Stresses

The variation of the wind produced surface shear
stresses with respect to x and y, _3712X and 23tzy , are
considered negligible for the horizoﬁﬁal length 2za1es of
the bay. This microscale approximation was also used by
Dean and Verma (1969) in their numerical/hydrodynamic model

of the South Biscayne Bay.

3.1.5. Velocity Slip Conditions

The hydrodynamic model used for sediment transport
uses an unstaggered numerical grid system, and, thus, re-
quired two velocity boundary conditions to be specified
at solid lateral boundaries. No normal velocity and tan-
gential slip velocity were gpecified (that is, zero shear
stress). The assumption of slip conditions is necessary
for the free-surface model to allow for surface height
variations at the solid boundaries, Freeman et al (1972),
Lee et al (1977). DNumerically it has been seen that lateral
boundary layers are smaller than the relatively large grid

spacing used, specifically for the South Biscayme Bay, for

12



which the grid spacing Ax=Ay=1.6 kilometers in the horizon-
tal mesh. Estimates by Sengupta and Lick (1974) have indi-~
cated that the sidewall boundary layers are thin for similar
situations, and do not extend as far as the nearest interior
node. Freeman et al (1972) used velocity slip boundary
conditions in their free surface model formulation.

3,.1.6. Higher Order Terms

Higher order terms resulting from the transform-
ation of the governing equations from (x,y,z) to (z,B,0)
have been neglected. These terms are presented in Appendix
D. As will be seen in Appendix D these terms are neglected,
justifiably, since the magnitude of the horizontal diffusion
terms are several orders of magnitude smaller than the ver-
tical diffusion terms, and these higher order terms only
appear in the transformed horizontal diffusion terms. Fur=
thermore, these terms may be neglected for gradual variations
in bottom topography - this is surely the case for the South
Biscayne Bay, whichis s relatively shallow water body. Sheng
(1975) also neglected these terms in his numerical investi-
gations of Lake Erie.

3.2. Governing Equations for Hydrodynamic Models

The governing hydrodynamic equations for the separ-
ate cases of sediment transport and dissolved chemical trans-
port will be given in this subsection. Note, both numerical
studies use the identical concentration equation as given
in subsection 3.3, but the hydrodynamic equations are some-

what different.
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3.2.1. Hydrodynamic Model Equations for Sediment Trans-

port in (x,v,z) Coordinate System

The Cartesian coordinate system is used with the
z-coordinate in the downward vertical direction as shown
in Fig.3-1, that is, a so-called "left-handed" coordinate
system. The following system of non-linear, coupled, partial
differential equations in Cartesian coordinates describe
the three-dimensional, time-dependent hydrodynamics.

Continuity Egquation

s u Qv W _ -
= t.oay t o3z =0 (3-2)

Momentum Equations

g u o u g 4 g u
= 2 + 7
3t u ” v + w

3 ey dz

2
1
c e e B3R pofy + K, Y

0 3 X H §x%
+KH-§2:2 K, jiz- (3-3)
T S 12
'T%"fu+1{ﬂ 22:2
¥Ry §v2 X, ?vz (3-4)
3y 3z

14



Hydrostatic Equation

B

P _ .
A (3-5)

o2

The symbols in equations (3-2) through (3-5) are defined
in the list of symbols.
Note, that the nonlinear inertia terms and hori-
zontal diffusion terms, as well as Coriolis acceleration,
have been retained in the hydrodynamic model equations for

the first case of sediment transport.

3.2.2. Hydrodlggmic'Model Equations_for Dissolved

Chemical Transport in (x,y,2) Coordinate System

The Cartesian coordinate system is used now with
the z-coordinate in the upward vertical direction as shown
in Fig.3-2, this is the conventional x,y,z coordinate sys-
tem. Carter (1977) has gone through an order of magnitude
analysis and deduced, for the South Biscayne Bay, that the
horizontal diffusion terms are small and, thus, have been
neglected. Hence, the hydrodynamic models equations in
the Cartesian coordinate system, with the convective terms
(nonlinear inertia terms) written in conservative form are
as follows.

Continuity Equation

au v W _ 3-
5x T 3y 5z 7 0 (3-6)

15



Momentum Equations

SetaRt Bav; +
- g2l 4 fv + K ":‘:2 (3-7)
by Buy ., aw
- g A0 gy 4 ore 2V, (3-8)
y d z

Where the hydrostatic equation has been used to elimi-

nate P from the horizontal momentum equations, that is:

o P d

22 o5 2 (3-9)
and,

3p o 2n -

3y PE 3y (3-10)

Where the hydrostatic pressure equation (refer to

Fig.3-2) is,

P =Po + pg (-2 + n) (3-11)

3.2.3. Hydrodynamic Model Equations for Sediment Trans-

port in (a,8,0) Coordinate System.

One major difficulty in the treatment of the free-

surface model is at the free surface boundary. The boundary

16



conditions can be specified, but the position of the free
surface is irregular and time-dependent, thus making it very
difficult to apply any grid system at this "moving" boun-
dary for mumerical solution. The approach used in the
model formulation is to follow a vertical stretching trans-
formation suggested by Phillips (1957) and used successfully
in studies by Freeman et al (1972) and Lee et al (1977).
Using this transformation, the free surface becomes a
fixed flat surface and the variable depth bottom becomes a
flat bottom boundary. Thus, constant vertical grid size can
be used throughout the domain without losing resolution in
shallow parts, and, also, without requiring excessive com-
puter storage by requiring unnecessarily fine séacing in
deeper regilons.

The transformation of the vertical coordinate for the

free surface model is obtained by letting

o = X
B =y (3-12)
and,
5= Z(x,v,z,t) _ 2z + n(x,y,t) (3-13)
H(x,y,t) H(x,y.t)

Fig.3-3 shows the (a,B,0) coordinate system. Note,
that the values of o range monotonically from zero at the
free surface to unity at the bottom boundary. By substitu-
ting transformations (3-12) and (3-13) into equations (3-2)
through (3-5) the free surface hydrodynamic model equations

(for this case of sediment transport) in the (a,B,0) coordinate

17



system are expressed in what follows. The details of this
coordinate system transformation are given in Appendix D.

Continuity Equation

o H (Hu)

5t Fa T B(Hv) R =0 (3-14)
Momentum Equations
B(Hu) " 3(Huu) + 3 (Huv)
Jda 9B
+ H _ill_ﬁ_l = H {- — ( )
d H 3 n ‘
g (0 a o - B C(.) + fV} +
e RGE R (g )
+ L Lo 22 (3-15)

30 38
3
_'.B_BTL—) - fuMl K {Ba(H )+
8 (HEY.), + — ( )
5 3R 41T o 'HBUQKVBU } (3-16)

18



Hydrostatic Equation

o
P(¢) = P (g%0) + quio p(a@)ao . (3-17)
Now, instead of using equation (3-14), following the
work by Freeman et al (1972), two integrated forms of the
continuity equations are used as follows.

Surface Height Equation

S S S ;D S ¢ I (3-18)

Bt g=n <% 3 E

Equivalent Vertical velocity (e, B,o)

a= - — 1 FG ra{Hu) 2A(BY) 134
H o 20 3B
RIS P
+ - [ T Hu) 4 _{?Lﬂyﬁ 3 a (3-19)
' 2 u B
g=C
_ 3 a
Where o= at
dz

The actual vertical velocity w(= a%—) is then computed

from the following kinematic relationship:

n ™ 3-20
weHa+ ot e (-1 (3-20)
@ e
8 __38 -0 o
Where ) = Tx + u » + v 5B

Hence we are left with 5 equations to compute H, u,

v, & and P.



3.2.4, Hydrodynamic Model Equations for Dissolved Chemical Trans-

port in (a,8,0) Coordinate System

Carter (1977) incorporates the sigma-coordinate method by

defining a new vertical coordinate ¢ as:

g = z - nix,y,t)
Hx,y,t)

Where ¢ varies monotonically from zero at the free surface to
-1 at the bottom boundary. The hydrodynamic model equations are in
(2,8,0) as follows:

Continuity Equation

9(Hu} . _a(Hv) 3 0 8 _ .
T S e (3-21)
Since-g-—hh—z 0and H=n +h
3t
Momentum Equations
-1 0D (2 (Huu) , a(Hvu)
H 3 t H 3o 3B

3 309t 3 a
+ Ky 32 y (3-22)
H?Af 3 oZ
1 _3(Hv) 1 3 (Huv) . 3 (Hvv}
H 3t ¥ H { 9« * 3 B

3 (ya ) 3 V3
tH 3o +(1+0) 30 at }

20



F- - - .Q_...B_ + KV QZAY.__ -
fu-g 3 B _H? a2 {3-23)
The underlined terms have been retained by Carter (1977), but
by dimensional analysis were considered negligible by Lee et al (1977)
with regard to equations (3-15) and (3-16). Secondly, the above

equations are only truly valid for constant density, whereas Lee et al

(1977} devived their model equations for the more general case of
variable density. Again, notice that horizontal diffusion terms have
been neglected in equations (3-22) and (3-23), which is perfectly valid
for South 3iscayne Bay. Now, the cortinuity equation {3-21) is not used,

but instead the two vertically integrated forms are used, that is:

3. 0, _alhu) . 3 (Hv}

oF { { - + w } dg (3-24)
g =-1

and,

L. 9. & 1 % 3(Hu) p{Hv)
Tost Tw S tee T bdo (3-25)

o

fquation {3-20) is again used to compute the actual vertical
veilocity, w.

Thus we have 4 equations to compute n,u,v and-Q. P has been
replaced directly by the hydrostatic approximation in the horizontal
momentum equations.

2.3, Boundary Conditions for Hydrodynamic Models

The nature of the system of governing equations requires
jnitial and boundary conditions to be specified. The boundary condi-
tions for both hydrodynamic models will now be presented. The initial

conditions will be presented in section 3.4.
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3.3.1. Boundary Conditions for Hydrodynamic Model for Sediment

Transport

The free surface, far-field hydrodynamic mode! has been
applied to the South Biscayne Bay by Lee et al (1977). The boundary

conditions are in summary:

At the surface, o= 0 At Jateral salid boundaries
=20 On x - boundaries
2 u H a#0
L= = . Y1zx
3 ¢ o Kv g =0
3V _ v
o (pl(‘.a')'rzyr X 0
At the bottom, o= 1 On y-boundaries
Q=10 a#0
u=0 3 U .
Iy 0
y =0
v=20
At the inlet At the outiet
n#0 afQ
u==0 u=0
oV . IV
F oy 0

n =q, (t), forcing function.

* Note: A continous sinusoidal function ng{€) = A1 + A2 Sin (wt +a&)
was specified at the inlet to represent the tide level variation. The

data was taken from 3Schneider (1969).
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3.3.2. Boundary Conditions for Hydrodynamic Mode! for Dissolved

Chemical Transport

Following the work of Carter (1377) the hydrodynamic boun-

dary conditions for the second case of dissolved chemical transport

will now be presented.

Normal velocities u,v,w are maintained at zero on all solid

boundaries. Tangential velocities are maintained at zero on the bottom

{the no-slip condition}. As will be discussed in Chapter 5, a Richardson

lattice is used for the grid arrangement in the horizontal plane.

With this type of grid, the horizontal velocity components u_and v

appear on solid boundaries only as normal velocities. Thus, in

summary:

At the surface, ¢ = 0

Q=20

pu__ (. _H

3 o ( g Kv Jrzx
BV .. H

3 g (pKV) TZY

At the bottom, o= 1

=190
u=0
v=20

At the inlet

- .9 on
e
u=20
s.¥ -
a ¥y
n *ng (t)

23

At lateral solid boundaries

On X - boundaries

Q#0
u=20

v unspecified

On y - boundaries

1

u unspecified
v =20

At the outlet

Q#0



3.4. Initial Conditions for Hydrodynamic Models

The initial conditions are specified by zero velocity every-
where in the domain {u=v=0=o), since it is quite difficult to obtain
ground truth current measurements for the entire domain for the kind
of grid size resolution that would be required. Although an initial
free surface, n=n (x,y,t=0} can be specified frem existing tide data
bases, compatibility between surface height and the velocities requires
starting the computations with a flat surface, n{x.y,t=0)=0, initially.

3.5. Concentration Equation in Cartesian Coordinate System

{xay,2)

This subsection presents the concentration equation in
general form for both sediment transport and dissolved chemical trans-
port. A1l new symbols are given at the beginning of thfs report in
the nomenclature section. Thus, the concentration equation in turbuient
flow can be expressed in terms of turbulent eddy transport coeffinients

as in(X,y,z):

ac 3 3 C 3 C 32 ¢
S py 2= 4 :
"% UBX Vay+waz DH3x2
e 3% ¢
+ e 2=,
Py ¥ Dy 522 (3-26)

We assume, as did other researchers, that molecular diffusion
is unimportant by comparison with turbulent diffusion, and, hence,
can be neglected. Sheng (1975}, Lam (1975) .Tne dispersion of suspended
sediment particles in turbulent flow can be considered as follows.
Following Sheng's argument, for small concentration and small particles,
and if the fluid particle accelerations are small in comparison with the
gravitational acceleration, it may be assumed that the horizontal velo-

cities of the fluid and the sediment particle are the same, whereas
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the vertical velocities differ by an amount Ws defined as the "settling

velocity" of the suspended sediment particie relative to the ambient

fluid.
W= W+ M (3-27)

Where wf is the vertical velocity of the fluid. Then for con-
venience letting W = W + W, equation (3-26) becomes for sediment
transport:

3 € ac 3c 3 c

=t TY3x V3 ¥ W ws) 3z

_ 3%¢ 3¢ 3 ¢

= Dy 3 x2 DH 3 y2 * Dv 3 z? (3-28)

Note, that equation (3-28) also applies for dissolved chemical
transport (or for neutrally buoyant particles) by setting Ws=0.
Appendix A discusses settling velocity in much more detail.

3.6. Concentration Equation in (a,B,c) Coordinate System, ignoring

settling velocity, is:

afHc) | 3 (Huc) + 3 (Hve) + H a(nc)
2B e 0

3 t 2 o

o 2 3c ) 3 C
- DH { 3 a(H 3 a)}+ DH {a 8 (H J B)}

Dv_ 3% c (3-29)
* H 3 o2

It is quite important to note that the work of Sheng (1975},
Apmann et al (1970), Jobson (1970) and others does not account for free
surface variations in space and time; and only Sheng takes account
of bottom topography. In fact Sheng and Lick (1976) reported further

that their investigations used a "rigid-1id" condition at the surface,
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thus not allowing the surface to move at all.

Following Tchen (1947) and Lumley (1957) the sediment particle
is assumed to be so small that its motion relative to the ambient fluid
follows Stoke's law of resistance. The eddy diffusion coefficient for
the particle is the same as that of the fluid. Sayre (1962) conciuded
that small sediment particles {(diameter less than G.] mm) with a settling
velocity in the Stoke's range, very nearly follow the turbulent fluc-
tuations, and, consequently, have a diffusion coefficient nearly enual
to that of the fluid. Thus, equation (3-29) becomes, for a finite

settling velocity Ws, for suspended sediment particles:

Ws
alte) | alHuc) , altvg) , oo+ Hje
3B 9 o

at oo

3 3 C 3 3¢
DH{SE‘(HW)}J'D{ (H s

H" 38 3 B
2

Where, this equation is valid for dissolved chemical transport
by merely setting Ws=0,

3.7. Boundary Conditions for Concentration Equation

The nature of equation (3-30) is such that boundary condi-
tions and initial conditions are required to complete the mathematical
model. Thus, this section will present the full set of boundary condi-
tions for both sediment transport and dissolved chemical transport.
Then the next section of this chapter will give the initial conditions
for both these numerical concentration studies,

3.7.1. Boundary Conditions for Sediment Transport

The boundary conditicns we've used for sediment transport
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in the South Biscayne Bay are zero convective and diffusive
mass flux across the lateral boundaries (Sheng (1975) also
used this boundary condition}), zero flux across the free
surface, and deposition of sediment particles at the bottom
surface. Following Sheng, a boundary condition sufficiently
general to describe practically all gsituations encountered
in sediment transport can be written as (Monlin and Yaglom
(1271):

9c _ _ Ay
—WSC + Dv ——a"*z— = fc E (3 ‘31}

Wwhere the first term represents the flux to the
bottom boundary due to gravitational settling. The second
term represents the flux to the voundary due to vertical
furbulent diffusion. The first term on the righr! Fand side
of equaticn (3-31) depends on the wporosity" or 'stickiness®
of the boundary. B = O corresponds to perfect reflection
and p—= corresponds to perfect absorption. For O < 8 < =
partial reflection and absorption is permitted. Finally E
corresponds to viscous entrainment. At the free surface
no layer of contaminant (or sediment particles) is present,

and, hence, equation (3-31) reduces to:

aic _ -
~W.e + Dv —— 0 (3-32)

Table 3-1 presents the free surface and bottom surface

boundary conditions used by other researchers.



TABLE 3-1

BOTTCOM BOUNDARY

Apmann et al
(1970)

RESEARCHER (S) TOP BOUNDARY
Sheng (1975) ~Ws¢ + Dv4= = 0 wse + Dv RS = ¢
3C

-Wst¢ + Dv

w\
bl
il
o

Hjelmfelt et al
(1.970)

dc _
~Wsc + Dv T =0

DS =Wse [1-7 )
U &

1970}

Jobson (1970) -Wsc + Dv —%% =0
3 C :
Jobson et al -Wee + Dv =z =0

ac ;
R =Wsr { 1 iy K
v 37 |G §

Mei (1969}

3cC
Wse~ + DV N o

o = (‘onst.

Where A = probability of sediment particles leaving

suspension and depositing on the bottom hed: it represents

the rate of mass transfer from suspensicn to the hed,

Now, the values used by these researchers for A and %,

respectively, are presented in Table 3-2.

TABLE 3-2

RESEARCHER

Sheng (1275)

g = 0 and B> =

Not applicable

Jobson (1970}

Not applicable
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Note, 8 = 0 corresponds to perfect reflection and
g = corresponds to perfect absorption, ¢ = 0. 1In our
investigation we've used the form of the bottom boundary

condition as used by Jobson (1970):
DV -g-‘-;— = Wsc (l-A) (3-33)

In our numerical studies we've used two different
values for A, that is, A = 0.3 and A = 0.9. Therefore,
the boundary conditions we've used for sediment transport

in the (x,y,z) coordinate system are in summary:

Lateral Boundaries

=%
n

% = 0 at y-boundaries (3-34)
do . e
7;; =0 at x-boundaries {(3-35)

Free Surface

2Cc _ -
~WsC + Dv —/—/ = 0 (3-36)

Bottom Surface

3 c _ _ B
Dv 7 Wse (1-A) {3~37)

Noting, that these boundary conditions were expressed
in the {w,8,0) coordinate system for our numerical sediment

transport studies by making the following transformations:

3 ~ 9O 3 H L 97 .
ax g for Ao and 3o small
5 . o for _%_I_I and %g—- small
5y 9B B

and,

3c _ 1 3¢

9z H 3¢



3.7.2. Boundary Conditions for Dissolved Chemical Transport

The boundary conditions we've used for dissolved chemical
transport in the South Biscayne Bay are 2€IC flux lateral
solid boundaries, zero flux across the free surface, and zero flux

across the bottom boundary. Tidal flushing at the ocean-exchange

area is treated as follows following Lo et al (197¢€):

3= during outflow from the bay (V>0)

“d

0 during inflow to the bay (V< 0)

)

C

Therefore, the boundary conditions we've ased for dissclved
chemical transport in the (x,y, z) coordinate system are in sumrnary:

Lateral Boundaries

de _ _ _ . (3-38)
T3y X 0 at x,y-boundaries A )
Free Surface
B da C
-Wsc t Dvyg— =0 (3-39)
Bottom Surface
-Wse + Dv-%g" =0 {3-40)

Ocean-Exchange Area

2‘: -0 for v >0
4 (3-41)
c=0 for v <0

Again, these boundary conditions were expressed in the @,8 7}
coordinate system for our numerical dissolved chemical studies

by making the following transformations:

- aH a1
"'%; - ’_g“é“ for 3% and *é—g——“ small
And,
dec 1 d ¢
32z Ho Jg
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3. 8. Initial Conditions for Concentration Equation

The initial conditions for both sediment transport and

dissolved chemical transport will now be presented.

3.8 1. Initial Conditions for Sediment Transport

The numerical study of sediment transport consisted of
specifying on instantaneocus line source of unit concentration along

the intracoastal waterway channel in the South Biscayne Bay. Fig. 3-4

el
A

shows the location of the intracoastal waterway channel in the grid

system used for these studies. Therefore, the initial condition is:

CloR,a =0 for o 2,0 rnot along channel
Cla,pa) =1 for a,k, o alcng channel,

3.8.2. Initial Conditions for Dissolved Chemical Transport

The numerical studies of dizssolved chemical transport
consisted of specifying first, a instantanecous uniforrﬁ. unit concentration
distribution intially, that is, C = 1 for all 4,B8,0; and, specifying in-
stantaneous vertical line sources at various points to simulate dye
release sites, Neumann and FPierson {1966} state that specifying
line sources at a point is perfectly legitimite for shallow water bodies.

Therefore, the initial conditions in summary are:
Clo,B,a) =1 everywhere is the Adomain for a instantaneous

uniform wvnit concentration distribution.

And,
C(x,8,0) =1 at dye-release sites
C (w,R,0) =0 elsewhere in domalh

s Note: This grid system was used such that the channel is aligned
Nete g g

with the X-axis as shown in Fig. -4

ol
-t



Fig. 3-5 shows the map of South Biscayne Bay indicating the

dye-release sites at Snapper Creek Canal, Blachk Creek, and Mowry

Creek; and Fig.3-6 shows the numerical grid system indicating the

nodes at which these dye release sites were initally specified. Nofe,

however, that the grid used in these studies is different from that

used for the sediment transport studies, which was rotated approxi-

o
mately 20 clockwise with respect to due North. This was necessary

in order to align the intracoastal waterway channel with the X -axis

(or 0-axis) in the grid system.
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4. Numerical Method of Solution

4.1. General

Tt is obvious that closed form amalytical solu-
tion of the hydrodynamic equations and the concentration
equation is impossible to get. The set of equations comnsists
of coupled, time-dependent, three-dimensional, nonlinear
partial differential equations. Therefore, the finite dif-
ference method is used to obtain numerical solutions. Note,
however, that the numerical method of solving the hydrodynamic
équations for both cases of sediment transport and dissolved
chemical transport will be presented in Chapter 5, as well
as the manner in which the resultant surface height and velo-
city field are coupled to the numerical model of the con-
centration equation. This chapter will only.deal with the
numerical model used for solving the concentration equation
itself. The explicit finite difference method is used for
numerical solution of the concentration eqguation, and the
details will now be discussed.

4L 2. TFinite Difference Representation of Concentration

Eguation

This section presents the numerical scheme for
solving the three-dimensional, time-dependent concentration
equation. The general form of the equation, including set-
tling velocity, Ws, will be presented, realizing of course
that the equation also applies to dissolved chemical trans-
port by simply setting Ws = 0.

A forward-time, central-space (so-called FTCS

method) explicit finite difference gcheme is used with
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DuFort-Frankel differencing performed on the vertical dif-

fusion term. This scheme is referred to as a "modified
DuFort-Frankel scheme', since the standard scheme is central-

time, central-space, Roache (1972). This FTCS scheme was
used by Sengupta and Lick (1974) to ensure against "'time
splitting", and was later incorporated by Sheng (1975) for
contaminant and dispersion studies: Thus equation (3-30)

becomes:

nt+l .n+l
(Hy yCr gk —H

AL

n n n 14 Il .y |
- (B4 3 Y741 3.k C1e1 0,k - Pro1,0 V1,0, C1e1,0,%)
2-Ao

n n n T Il - 1
- (87 331 V1541,k S04,k " Fro-1 Vroo-1x 010110
24 8

T T1 o3 n Il
- Hp 3107 ;a1 Crarer Y WS/HT 5 Crogkel)
2A 0 :

C + (Ws/H

by | n)Cn
1,J,K-1 1,3’ “1,3,K-11

248 ©

n n
Hr y(%1,5,8-1

n n n Tl
, e HI—l,J}{ 41,9, ~ %1-1,3.%,

24 a 2 Ao

+ DH

+ D

q H

n ch
I,J I+1,J,K

{
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T T n T
+ Dy {HI,J+1 - Hy 741 }{CI.J+1,K - Cr g1k :
THB 55E
n h1s n n
+ Dy Hy 5 {CI,J+1,K +Cp go1,k T %01 1k }
(aB)?
+ (Dv '/ T ) ch + B _ rn+1 _ Cn~1
Y e (TR MG O 'S5 Wil S Sl 98-S
’ (Lo)?
(4-1)
4/3
Where DVI,J = 0.0018 (HI,J) (4-2)

Note: Dv = Const. for dissolved chemical transport.

The last term in equation (4-1) corresponds to
DuFort-Frankel differencing,and, as can be seen, is semi-
inplicit in time. it has been learned, however, that equation
(4-1) is only used for values of the vertical grid index
1<K<5, since for K = 1 (top boundary) and K = 5 (bottom
boundary) the inclusion of the mass flux boundar& conditions
into equation (4-1) does not conserve mass. This will be
further discussed in section 4.4. The next section 4.3
presents the boundary conditions in finite difference notation.

4.3. Finite Difference Representation of Boundary

Conditions

This section presents the finite difference form
of the boundary conditions for sediment transport and dissolwved

chemical transport.
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4.3.1. Boundary Conditions for Sediment Transporti

Now the boundary conditions for sediment transport
will be expressed in finite difference form. In summary these
boundary conditions are:

Lateral Boundaries

Cw = Cwtl (4-3)

That is, the concentration at the interior node adjacent
to the lateral boundary is used to yield the value at the
boundary. This is a numerical approximation to equation
(3-34) and (3-35).

Free Surface

i Dy 3G , (he
Wl sk T G010 St ak 0 (4-4)

Where K = 1,

Rottom Surface

bDv o C
Dv , € - W.C (1L - A)  (4=5)
H 1 5 991,0,K s 1,J.K

Where K = 5.

4.3.2. Boundary Conditions for Disgsolved Chemical Transport

The boundary conditions for dissolved chemical trans-
port will now be expressed in finite difference form. In sum-
mary these boundary conditions are:

Lateral Boundary

Cw = Cwtl (4-6)

Free Surface

Dv g C =
-W_C +( ) = 0 (4-7)
s 1,J,K H T3 9@l 1,0,k _
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Where K = 1,

Bottom Surface

Dv
WG + vy 8l =0 (4-8)
s'LJK " H %y 5 00ly 7%

At K = 5,

Ocean-Exchange Area

for V> 0 (outflow)
(4-9)

cC =29 for V <« 0 (inflow)

4,4, Top and Bottom Boundary Finite Difference Equations

from Conservaticn of Mass Considerations

In this section the top and bottom boundary Ifinite
difference equations will be derived from a conservation of
mass control volume formulation, Sheng (1975). We have learned
that merely substituting the aforementioned boundary conditions
into equation (4-1) does not conserve mass, and, hence, we've

derived two additional finite difference equations for the top

and bottom boundaries, respectively. Then, upon substitution
of the top and bottom boundary conditions into these equations
mass is conserved. Note, that we will use the general form
of the concentration equation (3-30) and the boundary conditions
for sediment transport in these derivations. The vresulting
finite difference equations are valid for dissolved chemical
transport by setting Ws =0 and A = 0.

The full concentration equation (3-30) can be ex-

pressed as;

ha



a(Hve) | 4 3 (gke)

3 {He) 3 (Hue)
3t T sa T 3B 30
= 8 B c
= DH {aa (H )}+ Dy { BB £ —(H =)}
Dv 3%¢ (4-10)
+ ( ﬁ_—) ki
Where Q' = 0 + Ws/H (4-11)
So that,
9(Hc) _ _ 3a(Huc) _ _s(Hye) 4 3(a'c)
3t ou 9B %ol
8
+ Dy { 3a (H )} + Dy { (H a B)}
Dv pic
+ (—ﬁ— 35z (4-12)

Now, equation (4-12) is integrated over the volume of
a half-cell either at the top surface or at the bottom surface,
and integration over At is also performed, Fig,4-1 illustrates
the top half-cell, and Fig.4-2 illustrates the bottom half-cell.
The volume of these half-cells = —% AahBAc. Upon integrating
equation (4~12) over %—AGABAU and over At we obtain at the

top boundary:

At I+ J+s KbE

P N ) ﬁi%%). 1 dededodt
o I-¥ J-3K
= 77 f (Hn+l L ™y 2 dodgdo
o B o©
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*

_ H
= - At é é { (HUC)I+% - (HuC)I“%} Ty dpdo
- At Jr f {(HVC)J_{_% - (HVC)J—%} . __l;_ do&dU
01
- At f f {(HQ'C) - (HR'C) } . ~% dadg
o B K+% K
I+%
+at f 5 (Dy H 28 T —% dgdg
9 o I_}E
B
5 evJ+ks
+AtII(DHHWJ"}’ —Zdadg
[w)
K+%
voe 5 EHES, T o deas (4-13)

Now, define volume average of first term (unsteady term):

o 1 I+ J+s Ktk
Br5 C1,0.x # ' s s 5 (O . Hdadpdo
AoABAG TT,J
2 I-%3 J-% X

Thus, equation (4-13) yields for the first term,

% Note: H is assumed relatively constant over At and over

Ao, AB,
%% Note: This application of the mean value theorem yields
a volume averaged concentration somewhere in the

half-cell. It is assumed it is at (I,J,K).
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H_

n+l n+l n n 1,J
(H C - H CI,J,K) AgABAC —7;"

1,J °1,J,K 1,J°

Then, surface averages are defined for the convective and

diffusive fluxes crossing the cell boundaries as follows :

- AtSf S {(Huc)l+% - (Huc)I_% } i

B o I,J dgdo =

- AL {(Huciﬁ_E - (Huc)I_%} HAS&G

\h__w_._'./
Surface Area

- Aty f{(ch)

o g

Iy T (HVC)J_%} . Hdado E.

H
- At {(HVC)J+% - (HVC)J_%}.—T Ao Ag

- Aty f{(HQ’C)K+% - (HQ‘C)K} . Hdadg =
a B

- AL {(HQ'C)K+% - (HQ'C)K} . HAaAB

d ¢ T+ 3 ¢ I+ H
B o i-% I-%
J+ J+x
3 ¢ - 5 C H
At p f<DH H 38 )J-% Hdado = Dyt (HE_E)J—% . Aaha
a o
K+% K+%
sty p Sy, . H .dadg = Dvat (Gl - Luld
a B
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Therefore, equation (4-13) becomes,

Now,

Now,

(Hn+l Cn+l - ®

o H_ _ T+%
i,J “I,J,K 1,J CI?J’K)AGABAG —5 = At (Huc) 3

I

Hgt(ch)jff . -% AaAo- At (HQ' c.)K'Jr}5 . H roaAB
2
I+% J+k
_8¢ . H | . D se " 2
+ at « Dy (H 30)1_% 7—&5&0 + AL H (HmEE)J’%
K+%
. ac b-14
5 Aaho + At - DV (=g sass ( )
by dividing equation (4-19) by Aa&B&c'—% we obtain,
n+l .nt+l _yn n _ I+% 1 J+5 1
HI,J CI,J,K HI,J CI,J,K At (Hu ) " -At (ch)J % Ap
_ K+% 2 se IHs 1 t acJ+s 1
at (H2'C)y + Dyat (H Tk Io + Dyt (H )J ‘£ i3
K+%
ac 2
+ DAt Hag (4-15)
-At (ch)Kﬂg E’% = AtNS(C)K-I-% % - At (an)K"*% ig
K

Next, by inserting the boundary condition (4-4) into (4-15),

u o - Dv 3 c n,n+l,n-1
s K H K Top Boundaxy

Q




n+l n-1

n
3¢ n,n+l,n-1 _ Ck+l - (Ck + Ck Y12
a0| k+% Ag

Where,

And, Gy = (G ¥ Cppp)/2

We finally obtain for the top boundary:

n+l n n n n
Cr y.g = (1 3 Cp gx - (Webt/80)(Cp 5k + Cp 5 x+1)
T+; I+
n n.n 1 nnn 1
-ﬁt(H u C )I"'% 10.— - At(H v C )J'}E E-B— + DHﬂt L
n I+% n J+i
n ac 2 1 n Ic 1
' 5= )1y 7ot Dett Hg -3 K&
k+% .
- 2pt G Cn)k + DAL 9cR . - c-lyy
o] I z k+1 k
B (Ao)
n+l
JHy § + ) (4-16)
! H (Ac)

Similarly, the bottom finite difference equation can be
obtained by integrating over the bottom half-cell shown

in Fig.4-2, that is,

(..) " §~ dadpdodt

The resulting finite difference equation with the bottom

boundary condition (4-5)

gt

acl n
'——0_ k e WSCk (l“A)
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inserted into the resulting finite difference equation yields

for the bottom boundary:

n+1 _ n n n n
Cp yx = {Hp 3 Cp gt (Wat/ead(Cy 5 ¢ + Cp 5 1)

I+%
S (W E/80)CR - AWM o - arENHTTE

1 n 3P I+s 1 n act UtE 1
i A I IR TR P8 g ) L I

_ n.nn.k 2 AL n-1 _ n
At(H Q' C )k-% ot D, “EEEE;;;(Ck _ 2Ck—l)}

2
H™ (Ag)

Where for example, (Huc)1+% = HI+% u1+% CI+}

Hpyp = (Bp + Hpg)/2
Cry = % {0y 3 x * Crpy 5,072 Con ot C10x

+ C + C

I+41,J,K-1 1,3,xk-177%4}

upgy = %8 (up 5 g tup, g /2

+upy gk T L7kt Ve, g,k T VLo k-1
Note, K-1 is replaced with K+1 for camputing u and c at the

bottom boundary.

Therefore, equations (4-16) and (4-17) are used instead

of equation (4-1) for the top and bottom boundaries, respectively.
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4.5.

Initial Conditions in Finite Difference Form

This section presents the finite diffexence form

of the initial conditions for sediment transport and dissolved

chemical transport.

4,5,1,

Initial Conditions for Sediment Transport

C(1,J,K) = 1 for J=J and - 1< K< 5

Where Jo = 7 in the grid system shown in Fig.3-4.

4.5.2.

4.6.

Terms

C(1,J,K) = 0 for J#JO and l1<K<5

Injitial Conditions for Dissolved Chemical Transport

For instantaneous uniform concentration,
C(I,J,K) = 1 everywhere inside domain
C(L,J,K)r=10 outside domain.

For dye releases sites:

c(17,2,K) =1 Black Creek
C(7,6,K) =1 Snapper Creek Canal
c(20,2,K) =1 Mowry Canal
c(L,J,K) =D elsewhere.

Second Upwind Differencing of Horizontal Convection

it was learned in our numerical studies that the

use of central differencing of the convective derivatives

in equatio

ns (4-1), (4-16), and (4-17) resulted in negative

concentrations. Lam(1975) points out that the central

difference approximation will be over-estimating the advective

flux so much that it often causes & negative concentration
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to appear in the neighboring cell. To circumvent this problem
we've used the so-called "second upwind" differencing method,
or "dqnor ceil" method introduced by Gentry, Martin and

Daly (1966). Some sort of average interface velocities on
each side of the grid cell are defined; and, then, the sign

v
of these velocities determines, by upwind differencing which

1

value of concentration, C, to use. Following Roache (1972),

in one-dimensional notation,

S S 5o : Wi e " (4-18)
At A X -
. dc _ _ _8(uc)

approximates —5E T

_ 1
Where up = — (uI+l + uI)

1
up = 7 g ey
And,
"\...I _
CR = CI fpr up > 0, CR = CI+l for up < 0
C = - =
L CI_\1 fou uy > 0, CL CI for u < 0

For uR> 0, up > 0:

AC u,C. - C
I _ R¥T - YL"I-1
—g = ( A% ) (4-19)
For up < 0, up < 0.
aCp (uRCI+1 -yl ;
At Ax (4-20)
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For u, > 0, u, < 0;

U, C. - u. C

For up < 0, u > 0:

-5l
- ) (4-22)

8C; (uRCI+1

Now for our case we have the following form for the hori-

zontal convective terms,

3 (Huc) 9 (Hve)
—=u and —3E

t 3 \
Thus we've merely replaced Up and up with (Hu)R and (Hu)L

and (Hv)R and (HV)L, where,

1 o1

(Bu)p = - (p ;g + Hyyy 97 W ;¢ F U 3.8
I L

(Hu)p = — (A 5+ 8y 95O 5 Vo, IR
_ 1 1

(Bo)p = ——(Hp 3+ Hp 549) - oWy 5 ¢ 7 U 541,60

_ 1 1
(Hv) = —g~(Hp 3+ Hp 54) o= (U g ¢ F Ur o180

This method is both conservative and transportive and is

more accurate than first upwind differencing.
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4.7. Total System Mass Algorithm

Now the proper solution to equation (3-30) for
either sediment particle concentration or dissolved chemical
concentration must satisfy conservation of mass for the
domain of the bay, which includes settled out mass for a
finite value of bottom deposition rate A, and includes tidal
flushing., However, tidal flushing is really only significant
for computer runs Lor more than several hours, and our nu-
merical sediment transport studies were only run for several
hours, since 90% deposition for the values selected for set-
tling velocity, Ws, and deposition rate, A, occured in less
than 4 hours in all cases, Hence, tidal flushing was fcund
to be only important in our long run numerical dye release

studies as will be discussed in Sectilon 7,

4.7.1. Mass in Domain of Bay

The total mass remaining in the domain of the bay,
less the mass settled out (of course this is equal to zero

for conservative dissolved chemical transport) and the mass

flushed out at the ocean-exchange area, is obtained as follows.

Mysy g43 = C * Vol (4-23)

Where MI+%,J+% = mass per grid cell

C =cell averaged concentration
Vol = grid cell volume
Where,
H

T k- 1 Cluy,zt) dz (4-24)
Z=0
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Rit in the (a,8,0) coordinate system,

C = ; C(a,B,0,t)do (4-25)
g =0
And, then
Yol = Aa wAB* Hpyy i3 (4-26)
Where, further
Hppy goa = Gp 5 Pl 5% Brogn
+ By /8 (4-27)

Hence, the mass left in the domain of the bay M(t) is,

M(t) = 2 % M

PR SN (4-28)

4.7.2. Settled Out Mass Algoritlm

For the case of bottom deposition of sediment

particles on the bed, we have for the mass settled out per

grid cell:
Mty 3+5 ~ ACI+%,J+g,K=5"Ws‘ﬁu'AB-ﬁt (4-29)
Where  Cryy,TehK T Craxt Crax ™ C1,3+41,K
* e )14 (4-30)

1+1,J+1,K

Thus, the total mass settled out in the domain of the bay

SM(t) is given by,

sM(t) = § % SMI+%,J+% (4-31)
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4.7.3., Total System Mass Without Flushing

By combining equations (4—28) aad (4-31) we have
a numerical check on our solution for sediment transport,
that is

M(t) + SM(t) = Const, = M(t=0) (4-32)

Of course this ignorestidal flushing, but for our numerical
sediment transport studies, flushing is actually zero. This
is true since 90% deposition of sediment particles occurred

during flood tide, and flushing only occurs during ebb tidel

4.7.4. Computation of Percent of Tidal Flushing

The fraction of mass left in the bay during tidal
flushing is defined as,

X(0) = geathy— (4-33)

Then the percent of tidal flushing is defined as,

P = % tidal flushing = (1 - X)x 100%(4-34)
This of course, is not valid for sediment transport which

would be,

M(£)+SM(E)

P = (1 - F(e=0)

) x 100% (4-35)
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5. Coupling of Velocity Field and Surface Height Variations

to Concentration Equation

The governing species concentration equation was
coupled to the conservation of momentum equations and the
surface height equation for the sediment rransport studies;
however, a previously obtained magnetic tape of numerical
solutions of the velocity field and surface heights was cou-
pled to the concentration equation for couservative, digsolved
chemical transport studies, This latter method holds the
surface heights and velocity field constant over each balf-
hour, and, thus the concentration equation is the only equa-
tion solved by the computer. This method was employed to
save considerable computation time, since the numerical
dissolved chemical flushing studies are run for two weeks
of simulated time in order to obtain large flushing out of the
bay. Lam (975) followed a similar method of storing computed
currents on magnetic tapes for inputting into the simulation
of dispersion conservative substances such as chloride. and,
the nonconservative substance phosphorus in Lake Erie.

5.1. Stagpered Grid System for Computing Velocity Field

and Surface Heights for Storage on Magnetic Tape for Disgolwved

Chemical Transport

The hydrodynamic equations and boundary conditions
were expressed in the Richardson Lattice. Figure 5-1 shows
a schematic of this staggered grid system. A Richardson
lattice is used for the staggered grid arrangement of system

variables n,u,v ar® . As already noted in Chapter 3 with

LS
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this type of grid arrangement, the horizontal velocity
components u and v appear on solid boundaries only as normal
velocities. That is, no conditions on tangential velocity
components is specified on the boundaries. Section 3.3.2
and 3.4 in Chapter 3 present the appropriate boundary and
initial conditions which were used to obtain numerical solu-
tions for n,u,v and Q.

5 2. Numerical Solutions of the Hydrodynamic Model used

for Coupling to the Dissolved Chemical Transport Equation

The values of n{or H=h + n), u,¥, and Q used in
equation (3-29) were obtained using wind and tide data bases
for April 15, 1975. The hydrodynamic numerical model was
run for two complete tidal cycles over 24 hours. However,
to ignore "transient effects" prominent after start-up, the
second tidal cycle results were repeated twice. The results
were then stored on magnetic tape every half-hour.

The results of this simulation run are now presented
in detail. First, the tide level variations at the tide gage
locations used by Schneider (1969) are illustrated in Fig.5-2
through 5-7 for a value of Kv=20.0 cm?/sec. The agreement
at these tide gage locations is quite good both in terms of
relative high and low tide values, and relative phasing
between the tide data base and the model predictions. It
must be noted at this point that we're comparing a statisti-

cally averaged data base to a computer model run using tide

and wind data input for a particular day (i.e. April 15, 1973).

Thus, the comparison for Kv=20.0 cm’/sec is really quite
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good.

Figs.5-8 through 5-11 shows the surface currents
and lines of constant surface height predicted by the model
every 6 hours in order to illustrate the tidal exchange at
the inlet over a complete tidal cycle. As can be seen the
bay is quite sensitive to the tidal driving force at the
inlet. Figs.5-12 and 5-13 show a plot of horizontal velocity,
at various depths, as a function of time, at a point in the
northern part of the bay and at a point in the southern part
of the bay. As can be seen the currents are all in the same
direction with varying depth as time proceeds; and further-
more the direction of the current is in the direction deter-
mined by the tidal current at the inlet. The wind effect
has not reversed the current at either of these bay locations,
and, therefore, the bay can be said teo be tide dominated.
Fig.5-14 indicates the phase relationship between the tide
height and the tidal current at the inlet. It can be seen
that the current at the inlet does not reverse with increasing
depth, and that the phase relationship indicates that the
current and the tide height are out of phase owing to re-
flection of the surface waves at the west shoreline of the
bay.

5.3. Calibration of Hydrodynamic Model used for Dissolved

Chemical Transport Studies.

The velocities were calibrated by using Wang's
(1977) current data base for the South Biscayne Bay. After

a thorough comparicon and analysis of the model results for
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various values of Kv, a value of Kv=20,0%cm /sec was
selected as the final value to use for generating our input
magnetic tape. See Appendix E for velocity calibration.

5.4. Interpolation of Staggered Grid Variables for

Obtaining Solutions of the Dissolved Chemical Transport

Eguation

As shown in Fig.5-1 the variables H(or n) u,v,
and 2 are not located at the integral nodes in the full
grid system. However, the concentration, C, is computed
at these integral nodes, and, hence, the hydrodynamic
varlables must be interpolated in order to obtain values at
these integral node points in the full grid system. The
interpolation scheme used is as now follows*.

1. wu,v,?, and H are used only at (I,J,K) integral nodes
in the full (unstaggered) grid system for the concentration
equation.

2. u,v,%, and H are obtained from the values in the
staggered grid system as follows:

u(I,J,K) ={u(,J-1,K)+u(1,J,K)} /2

v(I,J,K) ={v(I-1,J,K) + v(I,J.K)} /2

H(I,J) = {H(I-1,J) + H(I,J-1) + H(I,J) + H(I-1,3-1)}/4

Q(I,J,K) = {Q(,J,K) + a(I-1,J,K) + a(I,J-1,K)

+ (1-1,3-1,K)} /4
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5.5. Numerical Solutiong qf the Hydrodynamic Model

used for Coupling to the Sediment Transport Equation

The hydrodynamic model used in the sediment trans-
port studies is given in Section 3,2,3. with variable Kv and
Dv as given in Eq.3-1, A time step At=2 min was used. Figs.
5-15 through 5-18 indicate the surface currents predicted
by this model for 1 hour, 2 hours, 3 hours and 4 hours after
start-up. As can be seen the flow field is strongly deter-
mined by the inlet current, and note that the southern part
of the bay exhibits to a large degree uniférm flow, whereas
the northern part of the bay exhibits more of an irregular
velocity pattern. The effect of these resulting velocity
fields upon the sediment transport will be discussed in

Section 6.2 to follow.
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6. Results for Sediment Transport

6.1, Grid System for Studying Intracoastal Waterway

Channel in South Biscayne Bay

The grid system for these numerical sediment trans-
port studies is shown in Fig,3-4. This grid system for the
South Biscayne Bay was constructed such that the intracoastal
waterway channel goes through the nodes, This was essential
for specifying an initial condition, Note, this grid system
is rotated 20° clockwise with respect to due North. The
rotation of the grid system affected the values of the wind
stresses, but causes no change in the Coriolis parameter f.
Appendix C gives the details of the effects of this rotation
of 20° clock wise from due North. Note, the hofizontal grid
size is Ax=Ay=1.6 km.

6.2. Computer Runs for Different Values of Settling

Velocity and Bottom Deposition Rate for An Instantaneous

Line Source -

The concentration equation for the first case of
sediment transport, Eq,3-30, was run coupled to the hydro-
dynamic model given in Section 3,2,3, with variable Kv and
Dv as given in Eq,3-1, a time step At=2 min, was used, The
computer model was run for an instantaneous line source
along the intracoastal waterway channel, as given in section
4.5.1. See Figs,5-15 through 5-18 for the coupled velocity
field!

The values of settling velocity, Ws, and for bot-
tom deposition rate, A, were varied to gain physical insight

into the governing mechanisms of sediment transport,
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The computer runs were as follows:
a). Ws = .04, A=0.9

0.9

0.3

b). Ws

n

.02, A

1

it
1

c). Ws .04, A

Now Fig.6-1 illustrates the sediment particle con-
centration distribution at the surface, K=1, for a J-transect
at I=13, so that the effect of the inlet could be studied.
The above noted three cases were plotted in Fig.6-1 for a
period of one hour and two hours, respectively. It can be
readily seen that doubling the settling velocity, Ws, strongly
affects the distribution of sediment particles, although the
affect of tripling the deposition rate, A, 1s relatively
minor. Secondly, it can be seen that the effecf of the ad-
vection from the incoming tidal current significantly skews
the concentration distribution at I=13, which is a J-transect
normal to the inlet. This advection effect is greater demon-
strated in Fig.6-2 for Ws=.02 and A= .9 for increasing the
time period from 1 hour to 2 hours and then to 3 hours.
Note, further, that 90% deposition occurred at 4 hrs. 46 min.
for Ws = .02, A=.9, at 3 hours 40 min. for Ws =.04, A=.3,
and at 2 Hrs. 4 min. for Ws =.04, A=.9. However, the skewing
caused by the incoming tidal current is most pronounced for
Ws=.02, A=0.9.

Now Fig.6-3 shows the concentration distribution
at the surface, K=1, for a J-transect at I=21. At this J-
transect the flow field is aligned with the intracoastal
waterway, and, hence, the skewing effect has vanished.

Again we can see that the settling velocity is much more
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domimant than the deposition rate. Fig.6-4 clearly shows
that the surface concentration distribution is strongly

time dependent, this being due mainly to bottom deposition -
which depends more strongly on gravitational settling than
on deposition rate, A,

Fig.6-5 illustrates sediment particle concentration
distributions at various depths for two J-transects at I=13
and at I=21. This case is for Ws=.02 and A=.9. The skewing
effect again is clearly observed for I=13, and is virtually
nonexistent for I=21. Both distribution var§ somewhat the
same with respect to depth, since the depth dependent vari-
ation is mostly dependent on settling velocity and deposition
rate. Fig.6-6 indicates that the vertical profiles decrease
sharply with increasing time, and the influence of advection
is less significant than for horizontal concentration vari-
ations, due to the rapid turbulent mixing vertically.

7. Results for Dissolved Constituent Transport

7.1. Grid System for Studying Dissolved Chemical

Transport

The grid system for studying dissolved chemical
transport is shown in Fig.7-1. This grid system has already
been used by Lee and Sengupta (1976) for investigating the
tide and wind driven circulation in the South Biscayne Bay.
Note, that this grid system is aligned toward due North,
and the horizontal grid size is Ax=Ay=1.6 km. As already
noted in section 3.1.5. the coarse resolution of this grid

cize eliminates the ineclusion of sidewall boundary layers.
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Also, note that the inlgt (ocean-exchange area) is not
recessed one grid step as for the grid system used ta

study sediment transport in the South Biscayne Bay. Other-
wise the two grid system are rather similar.

7.2. Definition of Flushing

The fraction of tidal flushing has already been

defined in section 4.7.4. as,

x(t) = }Jﬂ(%l—w (7-1)

This, of course, is only true for conservative dissolved

chemicals in the bay system. However, to better appreciate

our flushing results, one may also use tidal prism theory to

compute the flushing performance of the bay. Following
Lo(1976), the concentration of the dissolved chemical comsti-

tuent after N tidal cycles is given by:

- Co(—Y N -
C—Co(v+ap) (7-2)
Where o = Mixing coefficient

Volume of water in tidal prism

o
I

v = Volume of water in bay at low tide.
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7.3. Flushing Rates for Dissolved Chemical Transport

The flushing rates for the three dye release sites;
Snapper Creek Canal, Black Creek and Mowry Canal are shown
in Figures 7-2, 7-3 and 7-4. Figure 7-5 shows the flushing
rate for a uniform distribution of dissolved chemical. Note,
that a time step At=6 min. was used; and the computer program
was run for a period of 2 weeks of simulation time for each
case.

As can be seen in reviewing these figures, Black
Creek and Mowry Canal dye release sites indicate the largest
amount of flushing, whereas the Snapper Creek Canal dye re-
lease site indicates the least amount of tidal flushing.
The flushing rate of the uniform distribution of dissolved
chemical indicates a greater rate of flushing, initially,
than either Black Creek or Mowry Canal dye release sites.
This is attributable to the large region of dissolved chemi-
cal affected in the vicinity of the ocean-exchange area. It
is interesting to observe that Black Creek and Mowry Canal
are near-shoreline dye release sites relatively far from
the ocean-exchange area, and that Snapper Creek Canal is
directly across from the ocean-exchange area. However, this
curious result cannot be further examined without a data
base on long-term flushing rates. This data base does not
exist at the present time.

As can be seen in Figs.7-2, 7-3, 7-4 and 7-5,
after two weeks of simulation, the dye initially at Black

Creek and at Mowry Canal has been 93% flushed out of the

R0



bay, whereas the dye initially at Snapper Creek Canal has
only been 32% flushed out of the bay. The uniform distri-

bution flushed 80% in 2 weeks of simulation time.
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7.4. Model Dye Release Site Studies

In this section the model results for simulating
the dispersion of injected dye at three shoreline locations
is presented and compared with Wang's (1977) data base.

Figs 7-6 through 7-9 illustrate the comparison for Snapper
Creek, Figs 7-10 through 7-12 are for Black Creek, and Figs.
7-13 through 7-15 are for Mowry Canal,

The dye release experiments were performed as

follows:

1. Snapper Creek Canal (7,6)

5 gallons of rhodamine WT (20%) were injected at
6:45 EST on November 2, 1977 in 8 feet of water and tracked
for 10.5 hours,
2. Black Creek (17,2)

1 gallon of rhodamine WT (20%) was injected at 9:10
EST on December 7, 1977 in 3% feet of water and tracked for
29 hours,

3, Mowry Canal (20,2)

2 gallons of rhodamine WT (20%) were injected 10:00
EST on December 20, 1977 in 3 feet of water and tracked for
24 hours.

The computations for specifying the model dye re-
lease reference concentrations were performed as follows.

1. Volume of Initial Line Source

V, = (He axe Ay)/4, (7-3)
2. Reference Value of Dye Concentration
A
_ 'R 9
Cref = '—Vc; s 10 PPRB (7"‘4)

g2



where V = # gallons of rhodamine WT (20%)
and PPB = parts of rhodamine WT (20%) per billion parts of
water.

Now, Table 7-1 presents the values of Vgr: Vo' Cref for the

3 dye release sites.

TABLE 7-1

P osiTE Vg (cm?) V_(em®) cref(PPBﬂ Grid Pt.

Snapper Creek Canall22.73 x 10® | 1.56 x 10'2] 14.6 | (7,6

Black Creek 4,55 x 10° 6.83 x 1011 6.7 (17,2)

| Mowry Canal 9,09 x 10* | 5.85 x 101} 15.5 |(20,2)

Now the model results will be compared with Wang's data
base. Note that the actual dye injection points correspond
quite closely with the grid points used in the model runs,
and, therefore, the comparisons are meaningful. Furthermore,
high tide used for the model runs are not in phase with high
tide occuring on the three different dye release experiments.

However, spreading of the dye can be considered both quali-

tatively and quantitatively meaningful in terms
of the basic transport processes, the dominant two being
vertical diffusion and horizontal convection.

* Figs.7-6 through 7-9 shows relatively good agreement
between the model predictions and the measured values for
Snapper Creek Canal. The corresponding lines of rhodamine

WT (20%) are in good agreement, thus lending much merit to

* The model source in Figs,7-6 through 7-15 nas been located
by interpolation of grid location of line source and the
boundary, and the source strength has been adjusted accor-
dingly. This was done for the sake of comparison.
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the computer model for dissolved chemical transport.

Furthermore, the rate of spreading of the dye is in surpri-

singly good agreement with Wang's measured values, thus veri-
fying that the model formulation properly takes account of
the dominant transport processes in the South Biscayne Bay.
Figs.7-10 through 7-12 present the comparison for Black
Creek. TInitially, the model does not yield some of the mea-
sured values of lines of rhodamine WT (20%) dye, however this
is due to the lack of resolution of the model due to the re-
latively large grid size Ax=1.6 km. But, as can be seen in

Fig.7-12 the rate of spreading of the dye is in quite good

agreement with the measured values, Thus, again it has been
demonstrated that the model properly takes account of the
dominant transport processes for dissdved chemical
dispersion.

Figs.7-13 through 7-15 present the comparison for Mowry
Canal. Initially, the values of rhodamine WI (20%) are in
good agreement, noting again that the actual dye injection
point is slightly different tihan the model initial line
source of dye release. As time proceeds, the comparison
indicates that the model not only agrees favorably with re-
gard to the amount of dye dispersed, but alsc simulates quite
wéll the shape of the contours of the lines of varying amounts

of dye:
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8.0. Discussion and Conclusions

8.1, Sediment Transport

The basic sediment transport processes, with
associated boundary conditions, have been modelled. General
features of the suspended sediment paricle transport have been
evaluated qualitatively, and the resulting behavior and domi-
mant physical processes determined. The most rigorous hydro-
dynamic model used by other researchers 1s that of Sheng
(1975). However, our model relaxes Sheng's ''rigid-1id"
approximation, by actually treating the bay's free surface
behavior. Thus, the effects of variable tidal level foxr
estuarine chemical and sediment transport has been accom-
plished by employing a three-dimensional, time-dependent
free-surface model.

By varying the values of particle settling velo-
city and bottom deposition rate physical insight was gained
with regard to the governing mechanisms of sediment trans-
port. 1t has been learned that the resulting distribution
of suspended sediment particles is much more strongly affec-
ted by varying settling velocity than by varying bottom
deposition rate. Other researchers have not reported such
findings. Sheng (1975), Apman and Rumer (1970), Hjeimfelt
and Lenau (1970), Jobson (1970), Jobson and Sayre (1970),
and Mei (1969).

The effects of ideal gravitational particle set-
tling with variable settling velocity has not been discussed

by the above researchers., However, Sheng (1975) and
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Jobson (1970) have reported thg results of using variable
bottom deposition rate in theix studies. Our investigation,
vis-a-vis a thorough comparison with the state-of-the-art

of research in sediment transport, is, therefore the most
extensive with particular regard to rigorously modelling the
hydrodynamic field of the environmental flow physics affecting
the actual sediment transport and bottom deposition.

Further research into other physical processes of
sediment transport, such as hindered particle settling, floc-
culation, and bed scour (or viscous turbulent entrainment),
would be the next logical step in properly modelling sediment
transport in geophysical flows, However, realistic descrip-
rions of these complicated physical processes reduires much
more experimental research, Present desciprtions are empir-
ical in nature, Allen (1970), Raudkivi (1975), and relative
interaction between these processes has not, as yet, been
determined. Thus, until a betterx experimental base exists,
introduction of these physics is a task not worth pursuing.
The above mentioned researchers also limited their investi-
gations to ideal gravitational particle settling, since in
actual flows the data bases for sediment transport are ver-

tually nonexistent.

109



8.2. Dissolved Chemical Transport

The hydrodynamic variakles n,u,v, and @ were
obtained using wind and tide data bases for April 15, 1975.
The hydrodynamic model was run for two complete tidal cycles
over 24 hours. The rsults were then stored on magnetic
tape every % hour, and, subsequently coupled to the concen-
tration equation to compute flushing rates of dissolved
chemical dye releases and spreading of initial dye sources.
A time step of 6 min. was obtained for these computer runs,
and the dissolved chemical transport model was.run for 2
weeks for three dye release sites, and for an initially uni-
form distribution. Upon velocity calibration a vertical eddy
kinematic viscosity Kv=20,00 cm?/sec was used with a verti-
cal eddy diffusivity Dv=20.00 cm?/sec.

As noted in Section 7.3 the dye injected at Black
Creek and at Mowry Canal flushed 937 in 2 weeks of running
the model program. The dye injected at Snapper Creek Canal
flushed 32% as predicted by the model. The uniform distri-
bution flushed 80% as predicted by the model. The greater
rate of flushing of the first two sites is not amenable to
further examination and subsequent verification without a
corresponding data base on long-term flushing. However,
these field experiments for flushing times have not been
conducted as yet.

The model results for predicting the dispersion
or "spreading"” of injected rhodamine WT (20%) dye at these

three shoreline locations is in quite good agreement with



Wang's (1977) meagsured values, both in terms of the relative
shapes of the lines of constant concentration and in terms
of the rate of spreading, that is, the quantitative values
of the corresponding lines of rhodamine WT (20%) dye in PPB.
Thus a dissolved chemical transport model has

been developed which yields flushing times and spreading of
dye. However, presently no data base is available for veri-
fying the flushing rates, The short term spreading of the
dye, however, has yilelded good agreement with an existing
data base.

8.3. Conclusions

A three-dimensional, time-dependant free surface
hydrodynamic model has been developed, which takes account
of topographical and meteorological parameters, for the ap-
plication to sediment transport and dissolved chemical trans-
port in the South Biscayne Bay, Local tidal effects have
been introduced into the mathematical model by applying a
so-called primitive numerical boundary condition at the ocean-
bay interface, Agreement with a statistically averaged tide
data base, both at the ocean exchange area and at several
shoreline locations, for a calibrated model (on the basis
of velocity current data base) is quite good. Previous work
by other researchers has not been truly three-dimensional,
and ad hoc boundary conditions at the ocean-bay interface
have been purely empirical., Both unstaggered and staggered
hydrodynamic models have been used in these numerical dis-

persion studies.
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Basic sediment transport processes, with asso-
ciated boundary conditions, have been modelled. General
features of the suspended particle sediment transport have
been evaluated qualitatively, and the behavior of the domi-
nant physical mechanisms determined. Our invsstigation of
sediment transport is the most extensive in regard to rigor-
ously modelling the hydrodynamic field. Further research
into other physical processes of sediment transport, namely,
hindered particle settling, flocculation and bottom bed tur-
bulent entrainment, requires detailed, controlled laboratory
experiments and extensive field data collection. Consequ-
ently, this investigation, like the work of other researchers,
limited the physics to ideal gravitational settling, and a
bottom boundary condition which neglects “urbulent entrain-
ment.

Dye release numerical studies at several shore-
line locations have been conducted, and model predictions
for non-reactive {conservative), dissolved chemical disper-
sion have been obtained, Flushing times of the injected dye
has been obtained for the calibrated hydrodynamic model,
however, no data base exists for the South Biscayne Bay with
which to compare our model predictions. Thus a further veri-
fication effort is required with respect to long-term flush-
ing calculations. The model is deemed tec be of merit, both
qualitatively and quantitatively, with respect to the nu-
merical dye release studies, and the good agreement with

Wang's (1977) dye release experiments,
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The model can be directly applied to numerical
studies of nutrient, and other biochemical processes, as
well as to a variety of contaminant transport studies. How-
ever, further effort is necessary to ensure quantitative
agreement with respect to long-term flushing and to sediment

transport.
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APPENDIX A

SETTLING VELOCITY IN A TURBULENT FLOW FIELD

The settling velocity has been determined in our

work by assuming quiescent laminar flow not in the Stokes

regime, that is, for Re > 1, from Gemmel (1971)

2 8 r s = Ty
Wy = 3 Ga 1) (A-1)
And,
cd=-% + 3. 1+0.34 (A-2)
Rek
_ 24 ,
For Re > 1 (note, Cd = Re— for Stokes creeping flow)

Jobson et al (1970) concluded that turbulence
increased the average settling velocity by about 5%.
Whereas, Murray (1970) concluded that the average settling
velocity as determined by experiment in various turbulent
flow fields is reduced by as much as 30% below the corres-
ponding quiescent laminar settling velocity. Since no
convincing criteria have been presented indicating the limi-
tations of assuming that the mean value of the particle

settling velocity is unaffected by turbulent fluctuations of

the fluid, we have computed its value on the basis of qui-

escent conditions.
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APPENDIX B

FLUID AND PARTICLE EDDY TRANSPORT COEFFICIENTS

The fluid eddy diffusion coefficients, Dy and D,
is assumed to be the same as that of the particles, both
suspended and dissolved (or neutrally buoyant). Sayre (1968)
concluded that small sediment particles (diameter less than
0.1 mm) very nearly follow the turbulent fluctuations, and,
hence, have a diffusion coefficient nearly equal to that of
the fluid. It is tacitly assumed that the pérticles are

sufficiently dilute in the fluid, such that

DH particle = DH fluid {B-1)
Dv particle B DV fluid (B-2)

Einstein (1905) concluded that dissolved molecules
and suspended particles are identical in their diffusive
behavior at great dilution. For long diffusion times, Tchen
(1947) showed, by studying the motion of a small particle
suspended in a turbulent fluid, that for a homogeneous tur-
bulent field of infinite extent, the eddy diffusion coeffi-

cient for the particle is the same as that of the fluid.
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APPENDIX C
WIND STRESSES AND CORIOLIS PARAMETER IN
ROTATED GRID SYSTEM

The grid system as shown in Fig.6-1 has been
rotated 20° clockwise with respect to due North. This was
done in order to align the intraccastal waterway channel with
the grid modes for ease in specifying an instantaneous line
source of stirred up sediment particles.

Now for the angle of rotation a=20°_we have the
following relationships for wind stresses.

§ Direction of Wind

T, = T cos a (G-1)
Tyz = -1 sin o (C-2)
SSW Direction of Wind
— ) O_ -—
Teg T cos{(22.5 a) (C-3)
Tyz = 47 sin(22.50 - a) (C~-4)
WNW Direction of Wind
_ . o
Tyz = 1 sin(22.5° - o) (C-5)
o o -
Tyz = 1 cos(22.57 - o) (C-6)

NW Direction of Wind

T T sin(45° - ) (C-7)

Xz

T cos (45° - @) (C-8)

"L'yz

The Coriolis parameter f = 22 Sin ¢ is not effected
by the rotation of 0=20° as can be easily shown. The Navier-
Stokes equations in a non-inertial reference can be expressed

in terms of the Cot¥iolis parameter f (in the Northern
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Hemisphere) as:

—*> - >

Dv -
Bt + 282 v = ,... (C-9)

¥

Where v = ui + vy + wk
Now referring to Fig.C-1 we see that 28 x ¥ can be resolved

into the x,y, and z directions, respectively. Thus,

> ~ Fal
Q =0 cos ¢ y+ 0 sing h in the Northern Hemisphere

And, hence,
2§'x G.= (2w cos ¢ - 2v Q sin ¢) { + 2uf sin ¢ E
- 2 uQ cos ¢ k

But f = 20 sin ¢ and therefore,

~

-+ -+ - A
20 x v = (2w cos ¢ - £fv) 1 + fu j - 2ufl cos ¢ k

_).
Now resolving Dv into u,v,w components we have:
Dt

Du -
Dt + 2w cos ¢ - fv = ... (C-10)
D — -
_-ﬁE + fu - s 4 s . (C ll)
Dw - -
—-m:- - zuﬂ cos ¢ = e e e (C 12)

But in most geophysical flows and particularly for the South
Biscayne Bay,
u>> W Hence 2w g cos ¢ is neglected.
V> > W
And, we have neglected (C-12) by invoking the
hydrostatic approximation. Now, let our non-inertial co-

ordinate system (x,y,z) be rotated through an anglecx=200
clockwise with respect to due North. Referring to Fig.C-2

we rotate x,y to x',y' in some x,y plane perpendicular
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to z. Then, for components of Q along x' y' and z( =z')

we can use direction cosines, such that,

Il

Q@ cos v in x' -~ direction (y unknown)

24 24

2 cos § in y’' - direction (0 unknown)

PRI
it

= Q cos B = ¢os (900 - $) =8 sin ¢ in

0

z = direction.

Then in (x',y',z') is expressed as,

~

=0 cosy 1i' + Q cosd j' + using k (C-13)

5y Dy

And, consequently,

E. -+ ~ )
2 x v =2 {{w {l cos® -~ v 2 sin ¢) 1" + (uf sin ¢

- wfcos v)I' + (v cosy - uf cos 9)k}

Again for w <<u, w <<v and replacing %% = ,.. with hydro-

static equation we arrive at,

Du =
D_t = fV =
Dv =
ﬁ + fu -
Where £ = 28 sin ¢. Therefore, by invoking the hydrostatic

approximation, we see that rotation of the grid system has

negligible effect upon the Coriclis forces.
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APPENDIX D
CONVECTIVE AND DIFFUSIVE TERMS
IN (o,B,0) COORDINATE SYSTEM

The transformation of the convective and diffusive terms
from the (x,y,z) coordinate system to the (a,B,0) coordinate
system will now be presented.

CONVECTIVE

Consider the u-momentum equation in the (x,y,2z) coordinate

system - only the convective terms;

Ju 3u ou Jou _ _

now by a partial derivative expansion we obtain,

sa 3w, 11 u_ oM ou ]
% - 3¢ T H e ¢~ H a 30 (D-2)
ou _ du , 1 3n 9du _ _g 3H 38u _
5 2+t 38 3c ©~ W 38 3o (D-3)
ou _ 1 3u _
3z H o (D-4)

then upon substituting equations (D-2), (D-3) and (D-4) into

(D-1) we obtain:

Ju su 1 o8n Bu _ _o _9H 3u
£+l 55+ F 50 96 © H s 36 |
1 @n 3du g 3H 23u

u g 3H Ju
+v {5+ § 58 50 - W 38 5o’

+ (w3 (D-5)
where,
W = g% - H2 + (5-1) %% + o%% (D-6)
Hence,
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30 38 3o H 3R 2o
1 3u d dh . _
+ T 5o { HQ + (g-1) a% + UHE'} = 0 (D-7)

The continuity equation in (x,y,z) is,

Bu |, 3v 4 AW _ i
= 5 + v 0 (D-8)

and can be easily shown to be expressed as follows in (@,8,0):

3H . a(Hu) |, 3(Hv) 30 _ _
R v + Ha 0 (D-9)
Multiplying equation (D-9) by u we obtain;

i) 3 (Hu) 3 (Hv) 3N
ufe +u S b u e + ul S5 0 (D-10)

Next, multiply equation (D-7) by H and obtain;

U 4 g U 4 iyl an pu _ 30 du
Hop + Hu 20 + Hueg + { u 30 57 - uogg 55 4

3B JdB o8¢ 20

{HQ +(o- 1)dp + cdt}= 0 (D-11)

Now, add equations (D-10) and (D-11),

3H u 3 (Hu) + Hy 3

Ju
Hﬁf +ougp + Hu a +u e 3B
3 (Hv) Bn u _ 3H _3u
+ U g + fugl 55 - w0 5y 5o
v an au 3H au}

58 30 _ 'Y 3B W0

au
+ He oo + ul 55 +{(c 1) = dt
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ou dh _
+ G-a-a- 3t } =20 (D-lz)

This reduces to,

3(HU) + B(HUU) + a(HU-V) + H _i(_‘-ﬁ) +y =0 (D"13)

ot Jo. B 30
where
_ du ,9n oH - du ,9n dH
¥=u—5 (35 - %50 TV 55 (5p ~ 9@
3 3 3
+ (o= 3D+ ugd +ovgh + odu ,
sh | ? 3h '
(G2 + usd + v 55 ) (D-14)
But upon simplification Y reduces to,
du 9
Y= (0_1)5% _5_::1 (b-15)

Therefore the coordinate transformation of the convective

terms (as illustrated by the u-momentum equation) is as

follows:
Ju ou Ju du o 9(Hu) _ 3 (Huu)
5t + 1.1-5}' + v g; + w 3z > 5t + 5
3 (Huv) d (ufk du an -
t—3g tH st O-Liyg 3¢ (D-16)

The underlined term has been found to be quite small for
the South Biscayne Bay, due to %% being close to zero for
numerical integration of the partial diferential equation

over a time step At << TIDAL CYCLE PERIOD OF THE BAY!



DIFFUSIVE
Again following equations (D-2), (D-3), and (D-4) the

first order derivatives are:

3 - 8() 18n 3() _a3dH 3() -
3% eq * H 3 da H ba  d0 (D-17)
3¢ ) _8¢() . 1loan3() . o 8H3() -
37 55 T TH 38 50 H 38 90 (D-18)
a( ) _ 1 3() -
3z  H 30 (D-19)

3 IR
ey %) L 1o P o ow
X ' 9X Jo H 2a o H 3a
3
3 (=)
O L s oy Loan s
8o o 3a H %a 3o
g sH 3 13n 98 3 . 1
"H do 30) t H 3% 3o (Ba 5’
an 8 _ _o 3H _ﬁ) . .0 8H “E(B + 1
3a da H % 30 H 50 3o0‘3a H
o303 . _g 33, (D-20)

then, after performing the partial differentiation and

3n - 3 _ 39 _gy sne obtains:

combining terms (noting 5 - 3o ~a

az = az - 2 an ?..}_I..?f_-{-_.g?.ﬂ
3x 2 3a2 H2 3a 3x 90 H 3a
2 2 2
3 4+ 20 (BH$ B 20 AH D
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_ o 3*H 3 1 .3n 32 a
H 502 3o + Hz(Ba ) 32 + B2
2 2
o3y 0 (D-21)
" 52

Now since in the model of South Biscayne
and, coupled to the fact that the bay is
heights vary quite slowly with respect to

time step At (<< period of tidal cycle),

L] i _8_1-1_ EI]_
squared v o

a first order approximation.

and terms, and products

Therefore, equation (D-21) reduces to:

Bay Ao=1.6 km,
shallow and surface
the integration

we can neglect

of these terms to

8% 5 8% . 2 3n 37 _2g_ _°H
Ay 2 Y2 H Ja scda H oo
32 1 8%n 3 c 3*H 3
+ = —— = = =7 (D-22)
303u H Yo 2 90 H o2 30
But we already know that,
50 _ 1 an _ _g _o3H o
IX H 3« H 3o (D-23)
. - & _ z+n
(Since o= | = 7§ )
Thus, equation (D-22) reduces to:
32 . 3% 3o 32 1 3H 3¢ 3
2 e 2(3x’ 3036 T "H Ba 3% 30 (D-24)
Now, for a shallow, well-mixed bay,
32( ) =
00190 =0
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90 3
and 9x aa

=

9
oX

is always true,

Hence,
22 » 5% 1 _oH _3 -~
< -3 + | 5 "X D~25)
and, since %E = %ﬁ 55 and %ﬁ = 1 we finally obtain:
92 ~ 8% , 1 3H 3 (D-26)
ax ¢ Ja® H da da
or,
32 1
FEER @2
Ix ’

In Summary, equation (D-27)

approximations ¢
OH: -
(350 ¢

(3ny

2

an
32 ) =
0000

I

has been derived by the following

However, for the South Biscayne Bay the horizontal diffusion

terms are much less than vertical diffusion term and advec-

tive terms, and, therefore the above approximations are

really quite justifiable in a rigorous mathematical sense.
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APPENDIX E
VELQCITY CALIBRATION

The model was calibrated by utilizing a recent current
data base acquired by Wang (1977) for the South Biscayne Bay.
Values of the vertical eddy kinematic viscosity, Kv were ad-
justed until good agreement was obtained between the mea-
sured values of surface current and the model predicted val-
ues. A close study of comparing these values of surface
current led to a value of Kv=20 cm®/sec.

The following Table E-2 indicates the current data base
used for the model calibration, but first Table E-1 presents
the times of high tide for the six days that Wéng acquired
current measurements, This information of course was neces-
sary in order to compare with the model current predictions
which are based upon a "'statistical" 24 hour simulation run
using meteorological data for April 15, 1975, and tide data

from Schneider (1969). Model high tide occured at 10:00 A.M.

TABLE E-1

- DATA HIGH TIDE
Sept. 14, 1977 8:29 AM,
Sept. 15, 1977 9:12 A.M.
Sept. 19, 1977 12:46 P.M.
Sept. 22, 1977 3:24 AM.
Sept. 23, 1977 4:30 A.M,
Sept. 27, 1977 7:55 AM.
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Table E-2 now presents the locations of current measure-

ments, time and date, hi water, and time with respect to the

model (hi water at 10:00 A.M.).

TABLE E-2
Date |Hi Water | Time |Vlime WIS [Stationigg pyjCatipration
9/15/77] 9:12 AM | 11:05 AM| 11:53 AM 1 (4,9) 1
9/15/77| 9:12 aM | 12:05 PM| 12:53 PM L (4,9) 2
9/15/77f 9:12 AM | 13:05 13:53 1 (4,9) 3
9/15/77| 9:12 aAM | 14:05 14:53 1 (4,9) 4
9/15/77| 9:12 AM [ 15:05 15:53 1 (4,9) 5
9/19/77|12:46 PM | 10:10 AM| 19:24 2 6,8) 6
9/19/77112:46 PM | 11:10 AM| 20:24 2 (6,8) 7
9/19/77|12:46 PM | 12:10 PM| 21:24 2 (6,8) 8
9/19/77112:46 PM | 13:10 22:24 2 (6,8) 9
9/14/77| 8:29 AM |11:15 AM| 12:46 PM 3 (12,9) 10
9/14/77| 8:29 AM [ 12:15 PM| 13:46 3 (12,9) 11
9/14/77! 8:29 AM [ 13:15 14:46 3 (12,9) 12
9/14/77| 8:29 AM [14:15 15:46 3 (12,9) 13
9/23/77| 4:30 AM | 11:15 AM| 16:45 A (22,7) 14
9/23/771 4:30 AM | 12:15 PM| 17:45 4 (22,7) 15
9/23777] 4:30 AM [13:15 18:45 A (22,7) 16
9/23/77] 4:30 AM | 14:15 19:45 4 (22,7) | 17
9722777} 3:24 AM | 10:15 aM] 16:51 5 (23.,4) 18
9/22/77| 3:24 aM {11:15 aM| 17:51 5 (23,4) 19
9/22/771 3:24 AM {12:15 PMj 18:51 5 (23,4) 20
9/22/77] 3:24 AM [13:15 19:51 5 (23,4) 21
9/27/77) 7:55 AM | 11:00 aM] 13:05 6 (8,7) 22
9/27/77} 7:55 AM | 12:00 Nn)] 14:05 6 (8,7) 23
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base and the model predictions for Kv=20 cm’®/sec.

llow Table E-3 shows the comparison between Wang's data

Generally,

the comparison is quite good, and, therefore, the model is

considered calibrated with respect to surface current measure-

ments for Kv=20 cm?/sec.

TABLE E-3
Cali-
bration| (Model) | (Model) Measured =
No. Time Grid PE. Cuyrrent First Cycle Second Cycle
1 1200 (4.9) |13.2cm/s/210°%| 7.5cm/s/140° 5.3 cm/s/205°
2 1300 | (4,9) }13.8/210° 14.0/170° 11.2/190°
3 1400 4,9y |15.6/270° 16.3/167° 13.5/200°
4 1500 (4,9) |19.7/360° 14.6/164° 15.4/183°
5 1600 4,9 |17.5/360° 12.0/158° 11.8/145°
6 1950 (6,8) |19.0/360° 17.3710° 17.2/355°
|7 2050 | (6,8) |17.9/270° 24.5/9° 20.1/2°
8 2150 6,8) |12.9/230°  122.7/12° 21.6/13°
9 2250 (6,8) |16.7/230° 11.3/268° 17.5/10°
10 1300 |(12,9) [15.6/193° _ 143.9/83° 20.2/148° |
1 1400 |(12,9) |15.5/110° 49,5/81° 24.5/102°
12 1500 |¢2,9) |16.5/63° 38.7/67° 22.1/71°
13 1600 |(12,9) |19.9/44° 34.7/62° 20.1/58°
14 1700 |(22,7) |12.7/50° 20.0/31° 12.5/12°
15 1800 |¢22,7) |14.2/16.60° {15,3/21° 12.0/13°
16 1900 |(22,7) }11.6/25° 11.5/26° 8.0/8°
17 2000 |¢22,7) [|15.2/5° 5.3/30° 2.0/250°
18 1700 §(23,4) l14.9/345° 12.3/37° 6.5/19°
19 1800 |(23,4) ]14.9/360° g.0/25° 6.1/8°
20 1900 1(23,4) 9.9/12° 6.5/17° 5.2/8°
21 2000 | (23,4) 7.3/60° 5.1/20° 1.0/290°
22 1300 (8,7) |14.8/200° 16.3/130° 19.0/162°
23 1400 (8,7) {10.3/107° 17.1/107° 10.7/111°
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